Two important educational outcomes required of any engineering program, as per ABET 2000 Criteria 3, are the ability of engineering graduates to: 1) design a component, a system or a process to meet the desired needs within realistic constraints; and 2) design and conduct experiments, as well as analyze and interpret data. To achieve these requirements, engineering design and the design of experiments need to be integral parts of several mechanical engineering courses and laboratories throughout the curriculum. This paper presents examples of engineering design experience in the thermal science area, as well as the use of the design-build-test concept in developing experiments in a heat transfer laboratory.
Introduction
The success and continual growth of many industries are strongly dependent on the design of relevant components and systems. Therefore, one important and essential task confronted by engineers is that of design. Engineers not only must know and understand the scientific fundamentals of their discipline but also must be able to analyze and design components and systems typically encountered in their field of specialty. For an engineering curriculum to be successful, it must provide students the opportunity to be exposed to engineering design.
ABET 2000 Criteria 3 requires that, for an engineering program to be accredited, it must demonstrate that appropriate educational program outcomes are met. In 2000, ABET changed from a bean counting approach to an outcome-oriented approach -EC2000. Engineering programs must now demonstrate that their graduates have eleven specific outcomes known as (a) through (k). According to these criteria, all undergraduate engineering programs need to provide for design experience. This fact is stated in outcome (b) i.e. an ability to design and conduct experiments, as well as to analyze and interpret data, and in outcome (c) i.e. an ability to design a system, component, or process to meet desired needs within realistic constraints. 1 To meet the requirements of the ABET accreditation criteria, namely educational objectives (b) and (c), the mechanical engineering faculty at Purdue University Fort Wayne has integrated engineering design throughout the curriculum, spanning freshman-, sophomore-, junior-, and senior-level courses, and the design of experiments throughout the laboratory-based courses in the undergraduate mechanical engineering curriculum (Measurement and Instrumentation Laboratory, Mechanics and Materials Laboratory, Fluid Mechanics Laboratory and Heat Transfer Laboratory). The faculty believes that this approach would enhance and add another dimension to the teaching/learning experience in a laboratory course.
The design-build-test (DBT) concept has been used in undergraduate engineering laboratories. [2] [3] [4] [5] The DBT concept has been also utilized in capstone senior design projects, in which students design, develop, build and test. 6 Traditional undergraduate heat transfer laboratories in mechanical engineering expose students to heat transfer concepts presented in lecture classes, but they do not provide them with design experiences similar to what they might face as thermal engineers in industrial positions.
Integrating design into thermal science courses
Thermodynamics Thermodynamics is a very important subject and has long been an essential part of mechanical engineering curricula all over the world. Thermodynamics is encountered in a wide variety of engineering applications where heating, cooling and refrigeration are required. Thermodynamics plays an important role in the design of many devices, such as radiators, heating and air conditioning systems, refrigerators, power plants and many others.
Design project #1: Thermodynamics initial design of a refrigeration system
The objective of this project is to obtain an initial design of a refrigeration system. This project is one of the requirements of the Thermodynamics I class. Thermodynamics I is a mechanical engineering sophomore-level course. This project is very comprehensive and requires the understanding of most thermodynamics concepts that were covered in the course in order to obtain a successful design, such as the first and second laws, isentropic efficiency and the coefficient of performance (COP). 7 This kind of experience serves to enhance the understanding of various thermodynamics concepts and principles. Design project problem statement. A refrigeration system is to be designed to maintain the temperature in the range of −20°C-−10°C, whereas the outside temperature varies from 15°C to 28°C. The total thermal load on the storage unit is given as 25 kW. Obtain an initial design for the vapor compression refrigeration system shown in Fig. 1 . Choose a safe and suitable refrigerant. For safe operation and other factors, such as additional energy transfer, design the system using a safety factor of 1.4. The compressor efficiency could range from 60% to 90%.
It is needed to specify or/and determine the temperatures and pressures at the different states and show the cycle with the vapor dome on a temperature-entropy (T-s) diagram. The determination of the COP value and the mass flow rate of the working fluid is also needed.
Design project #2: Rankine cycle improvements
This is an open-ended problem. The objective of this project is to give students the opportunity to apply what they have learned in class regarding the vapor compression cycle (the Rankine cycle) by investigating additions to the standard Rankine cycle, such as reheat and feedwater heaters (closed and open), determining the effect of such addition and recommending the best option. This project is one of the requirements of the Thermodynamics II class. Thermodynamics II is a mechanical engineering junior-level course. This project is very comprehensive and requires the understanding of most thermodynamics concepts that were covered in the course in order to obtain a successful design, such as the first and second laws and isentropic efficiency. 7 This kind of experience serves to enhance the understanding of various thermodynamics concepts and principles. Design project problem statement. Consider the following preliminary design specifications for a supercritical steam power plant cycle. The maximum pressure will be 25MPa, and the maximum temperature will be 650°C. The temperature of the cooling water is such that a 10-kPa pressure can be maintained in the condenser. A turbine isentropic efficiency of at least 85% can be expected.
Points to address:
(1) Do you recommend any reheat for this cycle? If so, how many stages of reheat and at what pressures? Give reasons for your decisions. 
Heat transfer
Heat transfer is a very important subject and has long been an essential part of mechanical engineering curricula all over the world. Heat transfer is encountered in a wide variety of engineering applications where heating and cooling are required. Heat transfer plays an important role in the design of many devices, such as spacecraft, radiators, heating and air conditioning systems, refrigerators, power plants and many others. One of the important fundamental topics that are covered in the undergraduate heat transfer course is extended surfaces (i.e. fins). Extended surfaces are used to enhance the rate of heat transfer from surfaces, especially in thermal engineering applications where increasing the convective heat transfer coefficient is not an option. Thus, in thermal engineering applications where cooling is required, it is essential to understand the basic mechanism of heat transfer in such surfaces. The extended surface (i.e. a fin) is a good application that involves combined conduction, convection and radiation effects.
Design project: Fin attachment (heat sink)
This design project directly deals with extended surfaces. In the proposed design project, students are asked to design a heat sink (a finned attachment) to dissipate a certain amount of heat that is generated by a silicon chip that is mounted on a board in order to maintain the chip under a certain (desired) temperature. Design project problem statement. A square silicon chip (10mm 2 , 2.0mm thick) dissipates 1.5W at the steady state. The 2.5mm-thick glass/epoxy boards (with a thermal conductivity of 5W/m•K and a contact resistance of 6.5 × 10 −4 m 2 •K/W) on which the chip is mounted are horizontally situated in a card cage with a nominal board spacing of 20mm. The boards are cooled by air at 25°C flowing parallel to the boards. The chips are located only on one side of the boards.
Design a 'heat sink' (a finned attachment) to maintain the chip temperature at a maximum of 65°C, assuming that the convective heat transfer coefficient is uniform at 30W/m 2 •K on all surfaces subjected to the convective boundary condition. Use reasonable assumptions as needed, and document them. Your goal is to meet the requirements at a minimum cost. You are constrained to choose one of the following materials, and the fin profile should be rectangular.
Material A:
Manufacturing cost ¼ $ 0:15 þ 0:0016a 2:1 Â Ã straight or annular fins ð Þ :
Manufacturing cost ¼ $ 0:18 þ 0:0014a 1:7 Â Ã straight or annular fins ð Þ :
The manufacturing cost equations were obtained from a curve fit of the company's empirical data, and a is the aspect ratio of the fin, defined as L/t (see Figs 3.19 and 3.20 in the textbook by Bergman, Lavine, Incropera and DeWitt 8 ). For structural reasons, t ≥ 0.5mm.
In your report, you need to address the following:
(1) Is your design conservative? Why or why not? (2) What is (are) the source(s) of uncertainty, and how great is (are) it (they)?
(3) If your goal is to reduce the cost, would you look for better material manufacturing methods? Explain.
The reliability of electronic components increases as the temperature decreases; suggest at least one way to further lower the temperature of the chip beyond your baseline design, and discuss practical problems with the implementation of this modification.
Integrating design of experiment into heat transfer laboratory

DBT concept
The DBT concept has been recently used in undergraduate engineering laboratories. Traditional undergraduate heat transfer laboratories in mechanical engineering expose students to heat transfer concepts presented in lecture classes, but they do not provide them with design experiences similar to what they might face as thermal engineers in industrial positions. The faculty believes that this approach would enhance and add another dimension to the teaching/learning experience in a laboratory course.
Exercise #1: Fin attachment experiment
One of the first DBT experiments to be developed was a fin attachment design experiment. A prototype of this experimental apparatus is shown in Fig. 2 . Problem statement. Student teams were instructed to design, develop and construct a portable fin experimental apparatus for an undergraduate heat transfer laboratory that met the following requirements and specifications.
The fin rod must be just long enough for the temperature of the tip of the fin to be the same as the temperature of the adjacent air. The fin rod material was composed of aluminium, copper or steel. The fin rod had to be able to dissipate a given amount of heat (say, for example, 5W) from a surface maintained at a known constant temperature (say, for example, 120°C). The fin rod had to be instrumented with thermocouples to allow for comparison with the theory learned in the lecture class.
Student teams were given the following data: the amount of heat, Q f , that needs to be dissipated from the heated surface by the fin and the temperature, To, at which the surface is to be kept along with the ambient temperature, T ∞ .
It should be noted that every student team was assigned a different set of these values. Student teams are not to repeat the same experiment carried out by a previous team. This is an indication of the flexibility of the experiment.
Once a design is approved by the laboratory instructor, the student team then assembled the experimental apparatus and made the necessary connections.
The experimental procedure was designed to be very simple, quick and straightforward to carry out. First, the energy source had to be turned on, and the electrical energy input was adjusted to the desired heating level by using the variable voltage transformer. Second, when the system reached steady-state conditions, the axial temperature distribution, T(x), of the rod was measured. In addition, the surrounding air temperature, T ∞ , was determined by utilizing the portable thermocouple.
Once the experiment was assembled, student teams were required to test it by performing the experiment and comparing the measured data with the theory (analytical and numerical solutions). Their results then had to be presented in a written report.
Exercise #2: Solar collector experimental setup Design, build and test an experimental setup in which a solar collector is used to heat water in a reservoir.
This kind of experience serves to enhance undergraduate mechanical engineering students' understanding of the transfer of thermal energy while also facilitating to expose them to several important concepts involved in heat transfer, fluid mechanics and thermodynamics. Equipment and instruments. The equipment and instruments utilized were as follows.
A SunMaxx flat plate solar collector mounted on a wooden frame at a 45°angle. The solar collector assembly is mounted on a cart to facilitate the experimental setup's movement. A 12V DC 1/12-horsepower Shurflo diaphragm water pump rated at 3GPM. A flow meter that can be used to control the water flow rate in the range of 0.3-3.5GPM. A reservoir made of a plastic tub with a hose fitting attached. Thermocouples and readout.
Problem statement. Student teams were instructed to design, develop and construct a portable experimental apparatus for an undergraduate heat transfer laboratory that met the following requirements and specifications.
Utilize an existing flat plate solar collector (shown in Fig. 3) to heat a certain amount of tap water (say, for example, 15kg) contained in a reservoir. The experimental setup should have the capability of handling various flow rates. The experimental setup should have the necessary instrumentations to allow for the temperature and flow rate measurements needed for heat transfer calculations, such as the amount of heat gained by the water over a period of time. Run and test the experimental setup, and submit a written report.
Exercise #3: Design of a photovoltaic panel experiment Renewable energy sources and systems have become popular topics of study for engineering students. A renewable energy project is in a junior-level heat transfer laboratory. The project makes use of a photovoltaic panel that is mounted on a portable frame that allows the adjustment of the panel tilt angle, as shown in Fig. 4 . A bank of resistors is available to provide a variable load on the device, and the panel is instrumented to read the voltage and the current. The incident solar radiation is also measured using a pyranometer. In the project, students are required to design an experiment to determine the resistance load that results in the maximum power output. Then, they investigate the effect of the panel angle on the power output and determine the efficiency of the panel in converting solar radiation to electrical power. This type of activity serves to enhance the students' understanding of renewable energy sources and energy conversion processes. It also provides the students an opportunity to apply the knowledge acquired in an electric circuits course to a practical application.
The solar panel is a Kyocera KC85T high-efficiency, multicrystal module. The device is rated with a maximum power of 87W, an open circuit voltage of 21.7V and a short circuit current of 5.34A. The panel measures 2ft × 3ft and has an effective area of 0.59m 2 . Problem statement. The apparatus is flexible and adaptable so that different experiments can be assigned each semester or to different student laboratory teams. For example, student teams could be asked to design an experiment to: determine the resistance load that results in the maximum power output by using the installed bank of resistors and creating appropriate graphs for the voltage, the current and the power; study the effect of the panel angle on the power output at the optimum resistance load; determine the efficiency of the panel at converting solar radiation to electrical power.
Each laboratory group is to independently create and perform an experiment satisfying one (or a combination) of these objectives and submit a report and presentation on their work.
Educational benefits. Although no formal survey was given to the students to assess specific learning from these activities, established assessment tools indicate that the students are pleased with the experience. The feedback from the students was very positive, and their performance on in-class exams has improved. These types of design projects required the students to search beyond the textbook and class notes in order to successfully complete these design projects. Moreover, some of these design projects gave the students the opportunity to work as a team. The design of an experiment experience is usually praised highly by the students. Contrary to the regular experiments, in which the students follow existing procedure and report the results, in the design of the experiment exercises, the students' team is asked to modify the experiment setup, develop a testing procedure, test the modified apparatus and report the results. The students feel that this kind of experience gives them more opportunity for a hands-on approach.
Conclusion
In this paper, the author has presented details on how to meet the requirements of the ABET accreditation criteria, namely the educational objectives outcome (b) i.e. an ability to design and conduct experiments, as well as to analyze and interpret data, and outcome (c) i.e. an ability to design a system, component, or process to meet the desired needs within realistic constraints. To achieve these requirements, engineering design and the design of an experiment need to be integral parts of several mechanical engineering courses and laboratories throughout the curriculum. Examples of engineering design experience in the thermal science area, as well as the use of the DBT concept in developing experiments in a heat transfer laboratory, are presented. This kind of experience serves to enhance the understanding of the transfer of thermal energy by undergraduate mechanical engineering students while also facilitating to expose them to several important concepts involved in heat transfer.
